A microwave generator and a dosed-circuit wind tunnel were used to measure the thermal diffusivity of tobacco (NicotiAna tabacum L) stems in tJiflo by the unsteady-state method. A simple mathematical model for heat flow, based on Fourier's heat-conduction equation and Newton's law of cooling, was used in this study. The microwave method was found to be relatively rapid as both heating and cooling of a cylindrical stem in an air stream could be completed in approximately 30 minutes for thermal-diffusivity determinations. Thermal-diffusivity value of the tobacco stems, containing 94% moisture and a mean stem temperature of 30 •c, was found to be (1.38 ± 0.06) X to-7 m 2 s-1 • The coefficient of variation for the measurements did not exceed 1.4% as determined through the analysis of cooling curves for five different air-flow rates over the stems. This study showed that the microwave technique could be effectively used to determine both accurately and reliably the thermal diffusivity of tobacco stems in tJitJo. rience. la diffusivitci des cOtes de tabac ayant une teneur en humidite de 94 o/o, a la temperature moyenne de 30 •c, s'eleve a (1,38 ± 0,06) X tQ-7 m 2 s-1 • L'analyse des courbes de refroidissement C?htenues pour dnq vitesses differentes de circulation de l'air, a revete que le coefficient de variation des mesures n'excedait pas 1,4 %. Les resultats de cette etude montrent ainsi que la technique des micro-ondes permet de determiner in vivo, avec precision et fiabilite, la diffusivite thermique des cOtes des feuilles de tabac.
SUMMARY
A microwave generator and a dosed-circuit wind tunnel were used to measure the thermal diffusivity of tobacco (NicotiAna tabacum L) stems in tJiflo by the unsteady-state method. A simple mathematical model for heat flow, based on Fourier's heat-conduction equation and Newton's law of cooling, was used in this study. The microwave method was found to be relatively rapid as both heating and cooling of a cylindrical stem in an air stream could be completed in approximately 30 minutes for thermal-diffusivity determinations. Thermal-diffusivity value of the tobacco stems, containing 94% moisture and a mean stem temperature of 30 •c, was found to be (1.38 ± 0.06) X to-7 m 2 s- 1 • The coefficient of variation for the measurements did not exceed 1.4% as determined through the analysis of cooling curves for five different air-flow rates over the stems. This study showed that the microwave technique could be effectively used to determine both accurately and reliably the thermal diffusivity of tobacco stems in tJitJo. 
INTRODUCTION
The importance of thermophysical properties of food and agricultural materials has been emphasized by researchers involved in thermal processing and curing of these products (1, 2, 3, 4, 5, 6) . Thermal properties are also important when living biological materials aTe subjected to heat treatment by flaming for pest control purposes on field crops and for increasing the percent germination of seeds (5) . If the heat application is to be effective for the intended objective, then time-temperature relationships become critical. When temperature changes with time, thermaldiffusivity property of a material can be used to predict how fast heat travels through the material. Thermal diffusivity is the ratio of thermal conductivity to the product of bulk density and specific heat of the materiol.
Thermal conductivity, the ratio of a heat flux to the corresponding temperature gradient, can be determined by a steady-state method which requires the measurements of these quantities. Thermal conductivity and specific heat of tobacco during the curing process has been determined using the guarded hot-plate method (7) . With this technique, the thermal diffusivity can be calculated from the measured conductivity and heat capacity if the bulk density of the material is also known.
Thermal diffusivity has the dimensions of (length) 2 X (time)-1 and requires only the measurement of time for heat to travel a known distance. Length and time can be measured more easily and precisely than thermal fluxes and temperature gradients (8) . Thus, direct experimental determination of thermal diffusivity is expected to be more accurate and less time-consuming than the indirect method of calculation based on thermal conductivity, heat capacity, and bulk density.
Attempts to determine the theiinal diffusivity of cut tobacco leaves were found to be error prone because of shredding (9) . A sharp increase in thermal-diffusivity values at low moisture content indicated that the variation in the compressibility of the tobacco was a major contributing factor to the large uncertainty in thermaldiffusivity measurements by this method, Although thermal diffusivity for liquid nitrogen-preserved alfalfa stems have been successfully determined (10) , no technique has yet been developed for measuring thermal diffusivity of a whole living plant rooted in soil.
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A microwave generator, in combination with a dosedcircuit wind tunnel, was found suitable in the laboratory of the senior author to study thermal-response characteristics of live plants and also to investigate thermal diffusivity of apples (11, 12, 13) . These studies indicated the microwave method to be simple, rapid and reliable. The objective of this paper is to extend this technique to determine thermal diffusivity of tobacco stems in vivo.
MATERIALS AND METHODS
Seeds of Delgold tobacco (Nicotiana ubacum L) were sown in flats containing -Pro-mix* on 25 November, 1987, and the seedlings grown in a greenhouse according to provincial recommendations (14) . On 10 February, 1988, seedlings were transplanted to 15 cm plastic pots containing Pro-mix supplemented with 20 g of 16-10-10 NPK fertilizer and the plants kept in the greenhouse for an additional two weeks. The plants were then transferred to a closed-circuit wind tunnel in which the experiments were conducted, Details of the wind tunnel and the microwave generator were published elsewhere (15) . Prior to the heat treatment, all leaves were removed from the plant with a sharp blade and vaseline was applied lightly to the freshly cut surfaces to prevent evaporation. Plant stems selected for the experiments averaged 1.2 cm in diameter and 16 cm in length. Based on these dimensions, the stems were considered to be infinite cylinders because stem length "'b" was considerably greater than its diameter "2R'" [b/2R ~ 1] {16). The basal end of a stem was considered insulated as it remained immersed in the potted soil mix, Thus, heat transfer between the cylinder surface and the surrounding air could occur only radially over the entire lateral surface, and the temperature of the cylinder would therefore depend on time and radius. Stem and ambient temperatures were measured by 0.035 cm diameter copper-constantan thermocouples. Sensors for stem and air temperatures were placed on the cylinder axis and at 2.5 cm from the cylinder surface, respectively. Temperatures were continuously recorded, and as soon as the stem attained an elevated steady-state temperature of •c under 75 W incident power, the radiation treatment was discontinued, and the stem was allowed to reach a new equilibrium temperature. Three cooling curves for each air-flow rate on three different plants were analyzed and the resulting values pf thermal diffusivity were averaged and reported.
Theoretical Model
The basis for the mathematical description of heat flow in a body has been the Fourier's heat-conduction equa- [1] t>O;O<r<R stem temperature as a function of r and t, radial position, time, thermal diffusivity.
The pertinent boundary conditions for the present experiments are given in equations 2 to 4-as follows: · T(r, 0) -f(r) ,
Initially, the infinite cylinder has a radial temperature distribution in the form of the function f(r). There is no temperature gradient at any point on the cylinder axis which is taken as the z-axis; the temperature along the axis during the entire heat-transfer process must also be finite according to [a] The object must be homogeneous and isotropic. Since the dry-matter distribution in each 16 cm tobacco stem is almost completely uniform from tip to base, any existing heterogeneity would only be very small and can be neglected for our purpose. The high moisture content of the stems (94%) ensures a degree of homogeneity and isotropicity necessary for these experiments.
[b] The solid must have an analytically describable shape. This condition is satisfied as previously discussed.
[ c] The initial temperature of solid must be uniform. The initial temperature ( 44 "C) acquired by a tobacco stem is attributed to the dielectric heating mechanism of microwaves. As the major dielectric component in a stem is water which is uniformly distributed in the stem, the energy is therefore absorbed throughout the stem without directly altering the thermal state of air in the wind tunnel.
[d) The heat-transfer coefficient "h" must be constant with time. The "h" value depends on size and shape of the solid, and the environmental parameters. As these factors remain constant, the heat-transfer coefficient will also remain constant with time.
[e) The temperature of the medium must be constant with time. The controlled environment of the tunnel maintained the air-temperature constant_ with time.
[f] The thermal properties of the material must be constant with time and temperature. The problem of the movement of water from hot to cold regions inside experimental objects has been encountered by previous authors (5) who used methods that required prolonged heating and cooling periods. The thermal properties of the tobacco stems are not expected to vary with time and temperature because of the rapid, dielectric heating of microwaves.
Since all the above conditions have been met, the theory of heat flow for an infinite cylinder can now be applied to tobacco stems undergoing transient heat exchange with the surrounding air. When an object cools,· the time-temperature relationship at a certain stage becomes exponential and a simplified form of equation 5 can be used by retaining only the first term of the series_ which is written as (3):
-(JLtfR} 2 D t + ln C1 . [7] [8)
Equation 8 shows that semi-logarithmic plot of the temperature ratio versus time should be a straight line and its slope is given by:
Slope --(JLtfR} 2 D .
[9]
The slope can be calculated from any two points on the straight line from equation 10:
Thus, thermal diffusivity can be determined from equations 9 and 10 if the value of "~1 " is known. Equation 6 is used to find ~1 if "Bi" can be evaluated. The first step is to calculate "h" by using the integrated form of Newton's law of cooling given in equation 11 as:
·where M mass of stem, S specific heat, A 2 Jt R b -lateral surface area.
The "h" value and thermal conductivity for water were used to estimate Bi -h R/k. The "Bi" values were increased by blowing air over the stems.
A relationship between ~1 and Bi for infinite cylinders is given in equation 12 (3, 16) : 
RESULTS AND DISCUSSION
Semi-logarithmic plot of time-temperature data for the tobacco stems showed a pronounced linear portion at all wind velocities (Fig. 1 ) . Deviations from linearity were observed towards the beginning and the end of the cooling period. Stem temperature at time zero deviated from linearity whereas the deviation was considerable towards the other extremity of the cooling curve as a stem approached a new equilibrium temperature.
The shape of the cooling curve can be explained by the manner in which a stem exchanges heat with the environment. Heat transfer to the surrounding air may be the principal mechanism of cooling during the linear part of the semi-logarithmic time-temperature curve. Both heat and mass-transfer mechanisms could be involved as stem cooling progressed towards a new state of thermal equilibrium. Cuticular transpiration ·and absorption of water by the roots may play a part in cooling behaviour towards the end of the time-temperature curve. Absorption of water from soil lags behind the water loss due to transpiration as slight water deficits 324 occur frequently in most plants (17) , and this might explain the delayed effect of mass transfer on the cooling curves. The present results were not affected as only the linear portions of the cooling curves were used in the determination of D values. The results ( 
t -1/(Jt R 2 b) I I I T(r, t) r dr de dz , [13] 0 0 0 where r, e, and z are the cylindrical co-ordinates. The integral can be evaluated if temperature is known as a 2), the temperature of the sample is expected to be uniform (5) . If Bi is large (more than 10), the temperature difference between cylinder surface and the surrounding medium is negligible and a large temperature gradient must exist between centre and surface. The merit of the present experimental approach lies in the rapidity and simplicity with which thermal diffusivity of tobacco stems in vivo can be measured. The entire time-temperature data necessary for a single measurement could be obtained in about 30 minutes. This compares favourably with respect to previous methods which were time-consuming and elaborate (7, 8, 9) . The small coefficients of variation observed in the measurements of D ( Table 1 ) also showed that the method has excellent repeatability. Another distinctive feature of the microwave method is the manner in which heat losses can be handled. The heating time by microwaves is shorter than when conventional methods are used; thus, both the thermal effect on biological organisms and heat losses should be minimized because of the reduced time of measurements. The results of this study suggest that the microwave technique can be used for thermal-diffusivity measurements of plants in vivo. Experiments are in progress in this laboratory to investigate thermal diffusivity of tobacco at low moisture content, covering a wide range of temperature by this method. The method requires uniform heating and accurate temperature measure- ments, which may limit the usefulness of commercial microwave ovens designed for cooking purposes for thermal-diffusivity determinations.
